Superparamagnetic iron oxide nanoparticles (SPIONs), with comparable size to biomolecules (such as proteins, nucleic acids, etc.) and unique magnetic properties, good biocompatibility, low toxicity, potent catalytic behavior, are promising candidates for many biomedical applications. There is one property present in most SPION systems, yet it has not been fully exploited, which is the dipole-dipole interaction (also called dipolar interaction) between the SPIONs. It is known that the magnetic dynamics of an ensemble of SPIONs are substantially influenced by the dipolar interactions. However, the exact way it affects the performance of magnetic particle-based bioassays and magnetic particle imaging (MPI) is still an open question. The purpose of this paper is to give a partial answer to this question. This is accomplished by numerical simulations on the dipolar interactions between two nearby SPIONs and experimental measurements on an ensemble of SPIONs using our lab-based magnetic particle spectroscopy (MPS) system. Our results show that even moderate changes in the SPION concentration may have substantial effects on the magnetic dynamics of the SPION system and the harmonic signal magnitudes can be increased or decreased by 60%, depending on the values of MPS system parameters.
Introduction
In the past decade, superparamagnetic iron oxide nanoparticles (SPIONs) and their liquid dispersions are the subject of intense research due to their unique magnetic and physical properties and their potential applications in several fields such as hyperthermia therapy [1] [2] [3] [4] , catalysis 1, [5] [6] [7] [8] , drug/gene delivery 9-14 , magnetic bioassays [15] [16] [17] [18] , magnetic particle imaging (MPI) and magnetic resonance imaging (MRI) 1, [19] [20] [21] [22] [23] [24] . Besides their unique magnetic properties, comparable size to biomolecules, low toxicity, and good biocompatibility, the recent advances in the area of chemical engineering and material science have enabled the facile synthesis and surface functionalization of SPIONs, placing them as one of the most popular nanocomposites in many biological and biomedical applications.
SPIONs show zero magnetization in the absence of magnetic fields, while an external magnetic field can magnetize the SPIONs, like a paramagnet but with larger magnetic susceptibility. Under an external magnetic field, these magnetized SPIONs exert dipolar fields (also called stray fields), which allows the detection and measurement of the SPIONs in magnetometers and susceptometers. On the other hand, the magnetic dynamics of an ensemble of SPIONs are known to be substantially influenced by the dipolar interactions [25] [26] [27] [28] . This is due to the fact that, for a highly concentrated SPION suspension under an external magnetic field, the effective magnetic field on each SPION is reduced because of the dipolar fields.
In this work, we report a magnetic particle spectroscopy (MPS) 
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Where the saturation magnetization . is 3.5 × 10 5 A/m (0.35 T), the Gilbert damping constant is 0.1, and the gyromagnetic ratio is -2. 
Simulation Results
As shown in Figure 1 (a) , when an external magnetic field is applied along the +x direction, the magnetizations of both SPIONs lie along the field direction. The demagnetization field at the center of the SPION is around 2.2 × 10 5 A/m. As the distance between the SPIONs increases, the overlap area between the demagnetization fields decreases (see Figures 1(b) -(f)). It was observed that the demagnetization fields from the SPIONs overlap at dipole-dipole distances below 120 nm, which indicates the strong dipolar interactions. When the spacing between SPIONs is larger than 200 nm, the demagnetization field from one SPION has negligible influence on the other, indicating much weaker or none dipolar interactions. 3. Materials and Methods
Materials
In this work, we used superparamagnetic iron oxide nanoparticles (SPIONs) with an average magnetic core diameter of 30 nm (purchased from Ocean NanoTech, catalog#SHB-30). These single-core SPIONs are lipid coated iron oxide (g-Fe2O3/Fe3O4) with biotin. The hydrodynamic size is about 20 nm larger than the magnetic core size measured by transmission electron microscopy (TEM, FEI Tecnai T12, 120 kV) and dynamic light scattering (DLS), see Supporting Information S1. The SHB-30 can be reconstituted in phosphate buffered saline (PBS).
Sample Preparation
SPION suspensions having nanoparticle volume fractions (VFs, f) ranging from 0.001 to over 0.029 are experimentally studied in this paper. The SHB-30 specimen originally bought from Ocean NanoTech has a SPION concentration of 0.068 nmole/mL (volume fraction f=0.000579), which is below the volume fraction range of interest in this work. At first, a 250 µL SHB-30 suspension was ultra-centrifuged at 11,000 RPM, nmole/mL, volume fraction f=0.0072, and an averaged inter-particle distance of 125 nm. Then MPS measurements were carried out on sample ii. To get sample iii from sample ii, a dilution process (b) as labeled in Figure 2 was performed, which includes addition of a certain volume of PBS buffer to SPION suspension to dilute sample to a lower nanoparticle concentration (as well as a lower volume fraction f and a larger averaged interparticle distance), followed by 30-mins of water bath ultra-sonication. Samples iv -vii were prepared in the similar manner and each sample was measured by our lab-based MPS system. Details on the volume fractions and interparticle distances of specimens i -vii can be found in Supporting Information S2. Process (a) represents the condensation of SPION suspension: at first, the suspension is ultra-centrifuged at 11,000 RPM, acceleration 11,200 g for 45 min, then removal of a certain volume of supernatant, followed by 30-mins of water bath ultra-sonication to make SPIONs evenly dispersed. Process (b) represents the dilution of SPION suspension: initially, the suspension is added with a certain volume of PBS buffer to dilute sample to a lower nanoparticle concentration (as well as a lower volume fraction f and a larger averaged inter-particle distance), followed by 30-mins of water bath ultra-sonication.
MPS Experimental Setups
In this work, a lab-based magnetic particle spectrometer (MPS) was used to monitor the magnetic responses of SPIONs with different particle concentrations c (varying from 0.1133 nmole/mL to 3.4 nmole/mL), volume fractions f (varying from 0.001 to over 0.029), and inter-particle distances d (varying from below 78 nm to 245 nm). The MPS system setups have been reported by our previous works [31] [32] [33] [34] [35] [36] . This system consists of: a PC with LabVIEW program to control the digital acquisition card (DAQ), carry out analog to digital convertor (ADC) and discrete Fourier Transform (DFT) on the analog signals that were sent back from the pick-up coils, two instrument amplifiers (IAs) receive commands from LabVIEW and send sinusoidal waves to drive coils, two sets of drive coils to generate high and low frequency alternating magnetic fields, one pair of differentially wound pick-up coils to collect the magnetic responses from SPIONs (Faraday's law of Induction), and a plastic vial to hold SPION sample. The schematic drawings of MPS system can be found in Supporting Information S3.
Experimental Methods
Two sinusoidal magnetic fields, one with high frequency 2 (in this work we vary 2 from 400 Hz to 20 kHz) but low amplitude 2 = 17 , the other with low frequency 9 = 10 but high amplitude and 2 ± 4 9 were used as indicators of the physical properties of SPION suspensions. For each sample, we carried out MPS measurements at different high frequencies 2 (400 Hz to 20 kHz). At each frequency 2 , three consequent measurements were performed. In each measurement, the background noise floor was monitored for 10 s (10 data points). Then, the SPION sample in vial was inserted into the MPS system and the total signal was collected for another 10 s (10 data points). The voltage signals due to the nonlinear magnetic responses of SPIONs can be extracted by subtracting the background noise from the total signal according to the phasor theory [34] [35] [36] (details on the phasor theory can be found in Supporting Information S4).
MPS Measurement Results and Discussions
The magnetic responses of SPIONs are largely dependent on their magnetic core size, anisotropy parameter, As is shown in Figure 3 , the averaged 3 rd and 5 th harmonic amplitudes are summarized as a function of the high frequencies 2 . By increasing SPION concentrations from 0.1133 nmole/mL (sample vii) to 3.4 nmole/mL (sample iv), the inter-particle distances decrease from 245 nm (sample vii) to 78 nm (sample iv). The dipolar magnetic fields (dipole-dipole interactions) generated by the nearby SPIONs increase with decreasing interparticle distances, which, as a result, reduces the effective magnetic field on each SPION. A higher concentration of SPIONs in suspension leads to stronger dipolar interactions and lower harmonic amplitudes. In Figure 3 , the magnetic responses of these SPION samples can be divided into 3 groups: 1) no dipolar interactions in samples i, iii, vi, and vii; 2) moderate dipolar interactions in samples ii and iv; 3) strong dipolar interactions in sample v. In group 1 (no dipolar interactions), the magnetic responses are identical from each SPION suspension even with the dilution of nanoparticles. In group 2 (with moderate dipolar interactions), the magnetic responses from sample ii (volume fraction f=0.0072, averaged inter-particle distance d=125 nm) and sample iv (volume fraction f=0.029, averaged inter-particle distance d=78 nm) are identical in the low 2 range (below 7 kHz), and in the high 2 range, sample iv shows smaller harmonic amplitudes due to the stronger dipolar interactions than sample ii. In Figure 4(a) ). However, significant differences in the magnetic responses (i.e., the harmonic amplitudes) are found as we increase 2 to 20 kHz (see Figure 4(c) ). The effect of dipolar interaction reaches its maximum at 2 = 3 when a harmonic magnitude difference of up to 60% is measured from the same batch of SPIONs with different volume fractions (different nanoparticle concentrations and inter-particle distances). 
Notes
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Sample
As shown in Figure S2 , the MPS system consists of a PC with LabVIEW program to control the generation of 
Supporting Information S5. Using same batch of SPIONs for MPS measurements.
To minimize the variances in the magnetic core size, anisotropy parameter, and hydrodynamic size from different batches of SPIONs, the same batch of SPIONs are used for all the MPS measurements by repeating the dilution and condensation processes. The cycling steps can be found in Figure 2 from manuscript. We started with sample i (80 µL in volume, with nanoparticle concentration c=0.2125 nmole/mL, volume fraction f=0.0018, and averaged inter-particle distance d=198 nm), and sample iii is achieved after one condensation process and one dilution process on sample i. Sample iii (100 µL in volume, with nanoparticle concentration c=0.17 nmole/mL, volume fraction f=0.0014, and averaged inter-particle distance d=214 nm) consists of the same batch of SPIONs from sample i and shows the similar magnetic responses with no dipolar interactions. After several condensation and dilutions process, we can get the similar magnetic responses from SPIONs under the conditions of no dipolar interactions (samples i, iii, vi, and vii) or with dipolar interactions (samples ii, iv, and v) as shown in Figure S3 . In the presence of sinusoidal magnetic fields, SPIONs are magnetized and their magnetic moments tend to align with the external magnetic fields.
For a SPION suspension of monodispersed, noninteracting SPIONs, the magnetic response can be expressed as the Langevin function:
where,
The SPIONs are characterized by magnetic core diameter , saturation magnetization * and concentration .
Assume SPIONs are spherical without interparticle interactions (i.e., dipolar interactions). The magnetic moment of each nanoparticle is = * r = * s 6 ⁄ , r is volume of the magnetic core, is the ratio of magnetic energy over thermal energy, v is Boltzmann constant, and is the absolute temperature in Kelvin. By taking dipolar interaction into consideration, the total energy of particle is:
Rewrite above equation by adding up equivalent dipolar field and external magnetic field 2 : 
Hence, the dipole-dipole interaction and external magnetic field have changed the initially reported magnetic anisotropy barrier, as shown in Figure S4 . 
where is the number of winding turns in pick-up coils, is the area contained by the pick-up coils [3] [4] [5] .
By replacing x x⃑ ( ) with the effective magnetic field x x⃗ ( )z K~J (which considers the dipolar fields), the timevarying 3 rd and 5 th harmonic voltages will be altered, as a result, the harmonic amplitudes after DFT will be altered.
